Highlights d Hi-C approach confirms the segmentation of the E. coli chromosome into macrodomains 
In Brief
Contacts within the E. coli chromosome effectively divide it into functionally distinct structural regions. 
INTRODUCTION
The genomes of all organisms must be folded to fit within a cell that is typically several 1,000-fold smaller than the size of the DNA molecule itself. The overall chromosome fold is a combination of intertwined structural features resulting from differential accessibility, polymer properties, epigenetic modifications, and binding of proteins to the sequence. Recent work has highlighted the dynamics and regulation of this complex network and its functional interplay with metabolic processes over time, such as gene expression regulation, chromosome segregation, and repair (Dekker and Mirny, 2016) . In bacteria, DNA is efficiently compacted into the nucleoid, a dynamic macromolecular complex where the genetic material and its associated proteins are located.
Nucleoid folding and compaction result from a combination of processes (Wang et al., 2013; Kleckner et al., 2014) : DNA supercoiling, formation of (elusive) chromatin-like structures by nucleoid-associated proteins (NAPs), condensation by structural maintenance of chromosome (SMC) proteins, macromolecular crowding, and out-of-equilibrium processes such as transcription. The mostly negatively supercoiled DNA results in branched and plectonemic structures whose precise role(s) and distribution remain poorly understood. Genetic studies revealed the presence of stochastic boundaries between these structures, allowing DNA interactions in cis between sites located more than 100 kb apart (Higgins et al., 1996) . RNA polymerase blocks the movement of the plectonemic supercoil in the transcribed track, generating supercoil diffusion barriers (Booker et al., 2010) . Those constraints were proposed to segment the chromosome into ''chromosomal interaction domains'' (CIDs) ranging in length from 30 to 400 kb and identified through chromosome conformation capture (3C/Hi-C) (Dekker et al., 2002; Le et al., 2013) because these domains often display highly expressed genes at their boundaries in Caulobacter crescentus, Bacillus subtilis, and Vibrio cholerae (Le et al., 2013; Marbouty et al., 2015; Val et al., 2016) . Co-regulated genes were recently found to generate smaller (15-to 30-kb) domains in Mycoplasma pneunomiae (Trussart et al., 2017) .
NAPs are highly abundant proteins that play diverse roles as chromatin organizers, transcription factors, and, more generally, accessory partners involved in DNA transactions (Dillon and Dorman, 2010) . In E. coli, at least ten abundant ($30,000-60,000 copies per cell) DNA binding proteins have been found to be associated with the nucleoid. These NAPs bend, wrap, or bridge DNA, to which they show different types of affinities; for instance, high and specific (e.g., Fis) or non-specific and with a preference for AT-rich sequences (e.g., HU). Until recently, NAPs were suspected to contribute to DNA condensation by acting on the structuring and regulation of the chromatin only at a local scale. Although a recent 3C experiment unveiled involvement of HU for contacts up to $100 kb in C. crescentus (Le et al., 2013) , the respective contributions of NAPs to (A) Normalized contact map obtained from asynchronous populations (minimal medium, 5 kb resolution). The x and y axes represent the genomic coordinates of the reference genome (E. coli MG1655, 4.6 Mb) , and the color scale reflects the frequency of contacts between two regions of the genome, from white (rare contacts) to dark purple (frequent contacts). Genomic features of interest are indicated on the top axis. Dotted lines highlight regions of interest identified in (A) , (D) , and (E) . (B) Pearson correlation (PC) between 3C contact scores and recombination frequencies (Valens et al., 2004) . (C) Top: 3D representation of the contact map in (A) . The chromosome is represented as a chain of beads (1 bead = 5 kb; STAR Methods). Bead color-coding reflects the level of constraints along the genome (red to blue from highly to less constrained regions; see G and STAR Methods) . Bottom: correlation between the interfocal distance of pairs of fluorescently labeled loci (Espeli et al., 2008) and the distance (d3C, a.u.) separating these pairs of loci on the 3D structure (green and red stars). (D) Scalogram representation. Scalograms reflect the relative tightness of the distribution of contacts made by the chromosomal regions. The colored areas above each bin represent the fraction of the total cumulated contacts made by the bin with flanking regions of increasing sizes (dark blue, 0% to 15%; light blue, 15% to 30%, etc.; red, 75% to 100%). Constrained regions display small blue and large red areas. Loose regions display large blue and small red areas.
(legend continued on next page) chromatin organization and DNA dynamics in vivo remain poorly understood.
Higher-order levels of organization of bacterial chromosomes have been described in recent years, involving long-range contact structuring of the genome over large distances. The E. coli chromosome is segmented into macrodomains (MDs; Niki et al., 2000; Valens et al., 2004; Espeli et al., 2008) , with the DNA binding protein MatP specifying a constrained 800-kb region (ter) surrounding the terminus of the replication locus (Mercier et al., 2008) . The functional requirement for organizing this ter domain is not completely understood. The interaction of MatP with the protein ZapB associated to the divisome promotes anchoring of the ter at the midcell and, therefore, controls chromosome choreography during the cell cycle . The interplay of MatP with MukBEF associated with Topoisomerase IV may ensure timely chromosome unlinking and segregation (Nolivos et al., 2016) . By performing a structurefunction analysis of MatP, the molecular bases for MatP-mediated ter formation were identified. MatP contains a tripartite fold that includes a four-helix bundle (corresponding to the DNA binding domain), a ribbon-helix-helix (RHH) domain (responsible for the formation of the MatP dimer), and a C-terminal coiled coil. Although the RHH domain promotes the formation of MatP dimers, the coiled-coil regions form a bridged MatP tetramer that might flexibly link distant matS sites, prompting a model for a protein-mediated DNA-looping mechanism for ter organization . Mutating the residues involved in the tetramerization affects both DNA condensation and the ability of MatP to interact with ZapB; by contrast, these mutants were still able to specify the ter MD Espé li et al., 2012) . In other species lacking MatP, large domains have also been characterized. In B. subtilis, a large $800-kb region overlapping the origin of replication is maintained into a constrained, dense state through the action of SMC proteins, as revealed by super-resolution imaging and 3C (Marbouty et al., 2015) . It was speculated that the condensation of this domain plays a role in the proper completion of the replication and segregation program.
The disposition of the chromosome within the cell differs between bacterial species. In B. subtilis, C. crescentus, and M. pneunomiae, the chromosome has a longitudinal disposition, with the two replication arms aligned along the long axis of the cell (Le et al., 2013; Marbouty et al., 2014 Marbouty et al., , 2015 Trussart et al., 2017; Umbarger et al., 2011; Wang et al., 2015) . In E. coli, the chromosome has a transversal disposition, with the two replication arms occupying distinct nucleoid halves and the replication origin in between (Wang et al., 2006) . The different chromosome dispositions observed in bacteria suggest that different factors may be involved in chromosomal organization. Despite numerous efforts to understand the role of each structural factor in the overall chromosome organization among diverse species, their precise effect is yet to be fully understood. Genomic analyses have shown that bacterial species exhibit diverse combinations of organizing factors. In E. coli and enterobacteria, these structural factors involve the ubiquitous NAPs such as HU, Fis, and H-NS as well as a specific group that coevolved with Dam methylase, including the condensin complex MukBEF and MatP (Bré zellec et al., 2006) .
In this study, we explored the higher-order E. coli chromosome organization and reveal the effect of several factors controlling its folding. The analysis of high-resolution (5 kb) 3C contact maps of the E. coli chromosome in wild-type (WT) and mutant backgrounds reveals a multilevel 3D organization mediated by the major ubiquitous NAPs as well as the influence of transcription on local chromatin structure. The teaming up of HU and the condensin MukBEF to promote long-range contacts within chromosome arms and the formation of a specific chromosomal domain through the restraint of condensin activity by MatP provide clues regarding long-range chromosome organization and domain structuring in bacteria.
RESULTS
A High-Resolution Contact Map of the E. coli Chromosome 3C coupled with deep sequencing was applied to exponentially growing WT cells to investigate the precise effect of nucleoid structuring factors on chromosome organization in E. coli. In agreement with the transverse disposition of the E. coli chromosome, the contact map displayed a single strong diagonal resulting from the enrichment of contacts between neighboring loci ( Figures 1A and S1A) . The absence of a secondary diagonal perpendicular to this main one reflects the lack of contacts between the two replication arms and offers a sharp contrast to bacterial chromosomes characterized so far, such as that of C. crescentus (Umbarger et al., 2011; Le et al., 2013 ) or B. subtilis (Marbouty et al., 2015 Wang et al., 2015) . Replicate experiments performed on WT cells produced highly reproducible patterns when compared by generating normalized contact map ratios ( Figure S1B ), principal-component analysis (Figure S1C ; STAR Methods), and ratio plots displaying the ability of a locus to contact its flanking regions ( Figure S1D ; STAR Methods).
The E. coli nucleoid has been extensively explored through imaging and genetic assays, allowing us to compare 3C data with different datasets. First, 3C contact frequencies correlated well with collisions between loci, as revealed by a site-specific recombination assay ( Figure 1B ; Valens et al., 2004) . In addition, there was also a strong correlation between the distances separating two loci labeled with a fluorescent binding protein (Table S1 ; Espé li et al., 2012) and those computed from a 3D representation of the 2D contact map (d3C, a reflection of the contact frequencies; see STAR Methods for details; Lesne et al., 2014; Figure 1C ). The strength of these correlations validate (E) Directionality index analysis (400 kb). Downstream (red) and upstream (green) biases are indicated. Significant boundaries are represented with blue marks below. (F) Comparison of chromosomal segmentation defined by 3C (top) and chromosomal MDs defined by other approaches (bottom) (Valens et al., 2004; Espeli et al., 2008) . (G) Plot displaying the MSDs of chromosomal loci (y axis) and their cumulated contacts displayed on the scalogram at 200 kb (x axis). the robustness of this 3C protocol to investigate the spatial organization and patterns of DNA interactions throughout the E. coli chromosome.
To facilitate the interpretation of contact maps, we developed a visualization tool dubbed ''scalogram,'' which represents, for each bin, the cumulated contact frequencies as a function of the genomic distance (STAR Methods; Figure S1E ). A scalogram therefore displays the accumulated distribution of contacts for each bin with its flanking regions, reflecting the relative tightness of the contact distribution ( Figure 1D ). Abrupt changes in signal along the chromosome reveal three regions of 0.5-1 Mb in size each that exhibits a distinct contact pattern: a single highly constrained domain around ter (ter) and two loosely structured regions (L1 and L2) whose loci form contacts over a larger distances. This genome segmentation correlated with domains identified by a directional index analysis that reports the degree of upstream and downstream interactions for a genomic region carried out at a scale of 400 kb ( Figure 1E ; STAR Methods; Dixon et al., 2012) . This organization was conserved across three replicates (Figures S1A) and, in asynchronous E. coli cell populations, growing in different media and at different temperatures (Figures S1F and S1G). Overall, these three regions underline the segmentation of the chromosome into six intervals ( Figure 1F , top) that correlate well with those defined by a genetic recombination assay that identified four (Ori, ter, left and right) MDs and two left and right non-structured regions (Figure 1F, bottom; Valens et al., 2004) . In conclusion, the WT genome-wide contact map of E. coli validates previous genetic and imaging studies that revealed the non-homogeneous organization of the chromosome and confirmed the existence of a peculiar folding for the ter MD (Valens et al., 2004; Espeli et al., 2008) .
To determine whether the distribution of contacts made by a chromosomal locus correlated with its dynamics (STAR Methods), the cumulative contact signal at various distances was compared with mean square displacements (MSDs) of chromosomal loci at short timescales (Espeli et al., 2008; Javer et al., 2014;  Figure S1H ). This analysis revealed that cumulative contact signals at 200 kb best correlated with the MSD measured at 10 s by Javer et al. (2014) or at 180 s by Espeli et al. (2008) . As shown by the strong anti-correlation observed between the cumulated 3C signal at 200 kb and the MSDs of several loci (Figure 1H ; Figure S1I ), contact maps can provide insights into the dynamic behaviors of all loci in a genome.
Interplay between Transcription and Local Chromatin Structure Chromosomal structures ranging in size from 15 to 33 kb (Mycoplasma pneumonia; Trussart et al., 2017) and 20 to 200 kb (C. crescentus and B. subtilis; Le et al., 2013; Marbouty et al., 2015) have been characterized. A directionality index (DI) analysis performed at a scale of 100 kb (Le et al., 2013) along the E. coli chromosome identified 31 CIDs ranging in size from 40 to $300 kb in exponential phase (average, 150 kb; Figure S2A ). Boundaries were conserved across all exponential growth conditions ( Figure S1G ) and in different genetic backgrounds (below). Boundaries were enriched in highly expressed, sometimes long ( (Le and Laub, 2016; Marbouty et al., 2015) transcription units (22 of 31; Figure S2B ; STAR Methods) and in genes encoding proteins with an export signal sequence (signal recognition particle [SRP] genes, 9 of 31). This diversity suggests that multiple mechanisms may be responsible for defining CID boundaries, including local decompaction of active transcribed regions (Le and Laub, 2016) .
We next investigated how transcription may affect short-range contacts along the chromosomes. The contact frequency between adjacent bins was plotted along the transcription profile at resolutions of 2 kb and 5 kb. The strong correlation (Pearson correlation [PC] > 0.5) between the two signals suggests that transcription levels correlate with short-range contact frequencies ( Figures S2C and S2D) . Contact frequencies as a function of genomic distance were then plotted for genes pooled according to their expression level ( Figure S2E ; STAR Methods), revealing that higher levels of expression correlated in enrichment in short range contacts as well as stronger decay of the slope. Remarkably, these correlations were also observed in contact maps of other bacteria generated by different laboratories using different enzymes and crosslinking conditions (Figures S2C and S2E) , suggesting the existence of transcriptioninduced constraints that favor interactions between neighboring loci. Different interpretations can be provided to account for this observation. For instance, a less mobile locus (above) would indeed result in fewer long-range contacts and an increase in short-range contacts. Alternatively, a more open fiber may also lead to a stronger decay of the contact slope. The correlation was not apparent in C. crescentus, but similar trends were also observed in Drosophila (Corrales et al., 2017) .
Contact maps of non-dividing E. coli cells in stationary phase revealed a large-scale chromosomal reorganization with an increase of long-range contacts more pronounced in ter (Figures S1F and S1J). A directional index analysis performed at a scale of 100 kb identified 30 CIDs ( Figure S2F ), and the boundaries identified under this condition were different from those identified in exponential phase ( Figure S2G ). Interestingly, here too a significant correlation (PC = 0.40) was found between transcription levels and short-range contact frequencies (Figures S2H and S2I) .
The causal relationships between these correlations (transcription, short-range contact decay, and dynamics) remain to be deciphered.
Organization of ter and a Role for MatP in ter Insulation
The MatP protein plays a major role in the ter organization of enterobacteria (Mercier et al., 2008; Dupaigne et al., 2012) . To gain insights into the molecular mechanism by which MatP bound to matS sites structures the ter MD, genomic 3C experiments were performed in a matP mutant. In the absence of MatP, the pattern of chromosome contacts was conserved across the genome, except for ter, which now appeared similar to the rest of the genome (Figures 2A, 2B , and S3A). In the absence of MatP, an enrichment in long-range contacts (more than $280 kb) within ter and between ter and its flanking regions appeared, accompanied by a compensatory decrease in contacts under $280 kb within ter ( Figure 2B ). These results are consistent with genetic recombination assays that show, in the absence of MatP, an enrichment of long-range contacts within ter ( Figure 2C ) and between ter and its flanking domains (Mercier et al., 2008) .
Remarkably, matS sites did not display enriched contacts with each other (Figures 2D and S3B ). These observations incited us to investigate more precisely the mechanism of MatP-mediated organization of ter. A matPDC20 derivative unable to form MatP tetramers and to interact with ZapB Espé li et al., 2012) did not significantly modify the contact map ( Figure 3A) , as shown by the ratio of normalized contact maps ( Figure S3C ) or the ratio plot of contact signals ( Figure 3B ). Similarly, a zapB mutation that abolishes the interaction of MatP with the divisome did not affect the contact pattern ( Figures 3C,  3D , and S3D). Therefore, tetramerization of MatP and the interaction of MatP with the division machinery are not required for maintaining the architecture of ter or for insulating it from flanking MDs. These observations do not support the hypothesis that MatP tetramers bridge matS DNA sites into a single 800-kb intertwined domain but suggest instead that MatP binds to matS sites to organize the ter MD into a succession of overlapping subdomains.
MatP was also described for its ability to maintain together sister ter regions extensively following replication. We tested whether intermolecular interactions between chromosome and plasmids carrying matS sites could be revealed by chromosome conformation capture sequencing (3C-seq). The behavior of a plasmid with and without matS sites was investigated in WT, matPDC20, and zapB mutants. In WT cells, targeting of MatP at the septum ring promotes the anchoring of the replicated ter at the midcell. As a consequence, plasmids carrying matS sites also colocalize with ter at the midcell . Accordingly, the plasmid displayed enriched contacts with ter compared with a plasmid devoid of matS ( Figures 3E and 3F) . Contacts between the plasmid and the chromosome did not exhibit a discrete pattern that would result from matS-matS contacts ( Figure 3E , inset), further confirming that MatP does not specifically connect these sites. In the matPDC20 and zapB mutants, plasmids with or without matS sites do not position at the midcell Espé li et al., 2012) , but whether they interact with ter is unknown. In these mutants, although ter displays a WT organization ( Figures 3A and 3C ), contacts between ter and the matS plasmid are lost ( Figures 3G-3J ). This demonstrates that MatP-dependent intermolecular contacts between molecules (or replicons) carrying matS sites are not involved in ter structuring and that the colocalization of matS sites at the midcell requires ZapB. ( Figures S4A and S4B ). The intracellular position of fluorescently labeled loci carried by the different MDs was recorded using fluorescence microscopy. Although the ori and ter regions appear to occupy similar positions in WT and mukB cells, increased mispositioning of a right locus was observed in the mutant condition (11% of right loci in 0.75 of the cell length in WT cells versus 22% in mukB; Figure S4C ). To investigate the effect of MukBEF on chromosome organization at the molecular level, a contact map of cells depleted in mukB was generated ( Figures 4A and  S5A ). In the absence of condensin, the contact map ratio showed a reduction in long-range (> 280 kb) contacts concomitant with an increase of mid-range contacts up to $280 kb along the chromosome compared with the WT strain, except in ter (Figures 4B and S5B) . No significant changes were detected in the ter MD of the mukB mutant compared with WT cells ( Figure 4B ). Altogether, these results suggest that MukBEF promotes long-range (> 280 kb) contacts within replication arms outside of ter.
Restriction of MukBEF-Dependent Long-Range Contacts in ter by MatP Previous work in E. coli showed a physical interaction between MatP and MukB both in vivo and in vitro (Nolivos et al., 2016) . This interaction has been proposed to promote the displacement of MukB out of ter, facilitating the association of MukBEF with the Ori region. The unaltered contact pattern observed in ter in mukB cells suggests that MukBEF is not active in ter organization. To test this hypothesis, the chromosome conformation contact map of a double mukB matP mutant ( Figure S5C ) was compared with a matP single mutant ( Figures S5C and S5D) . These results showed a reduction in long-range contacts over the entire chromosome, including ter, in the absence of MukB ( Figure 4C ), indicating that MatP impedes MukBEF activity in ter. In agreement with these data, the inactivation of MatP allows MukBEF to interact with ter and, hence, to increase long-range interactions (> 280 kb) in this region (Figures 2B and 2C) . Combined, our data reveal that MukBEF promotes long-range contacts along the chromosome, except in ter, where this activity is reduced or alleviated by MatP. Therefore, the peculiar structure of ter appears to result from a default of access by MukB instead of active folding promoted by MatP.
HU Is Also Essential to Promote Long-Range Communication Although NAPs have long been known to modulate DNA conformation by bending, wrapping, or bridging it, their exact contribution to chromosome folding in vivo is still unknown. The involvement of the NAPs Fis, H-NS, and HU in chromosome conformation was therefore investigated. NAP mutants were grown under conditions where growth defects were minimalized ( Figure S4 ; STAR Methods). We first focused on the conserved protein HU. In E. coli, HU exists as an heterodimer (HUab) or as a homodimer (HUa2) (Claret and Rouviere-Yaniv, 1997) and is one of the most abundant NAPs in exponential phase. The conserved HU protein binds non-specifically to DNA with a preference for AT-rich sequences (Prieto et al., 2012) . In the hupAB mutant, E. coli cells present segregation defects, filament formation, and nucleoid compaction ( Figures S4B and S4D ). To determine the role of HU in chromosome conformation, 3C contact maps were produced for a hupAB mutant ( Figure 4D ) and compared with the contact map obtained with WT cells under the same condition. Outside of ter, the ratio of normalized contact maps ( Figure S5E ) and the plot ratio of signals (Figures 4E and S5F) show a reduction in long-range contacts (i.e., >280 kb) compared with the WT strain, concomitant with an increase in contacts up to $280 kb along the chromosome. Remarkably, this increase in contacts is similar to that observed in the absence of MukBEF activity outside of ter. In ter, the absence of HU leads to an increase in contacts in the $5-to 50-kb range and a reduction in contacts in the $50-to 280-kb range (Figures 4E, S5E, and S5F) . These results reveal the existence of multiple mechanisms of DNA folding in ter, with HU favoring contacts in the $50-to 280-kb range. No correlation between the DNA binding profile of HU with the contact map ratio at short scales was found ( Figures S5G-S5I ), whereas most CID borders identified in WT cells were retained in hupAB mutants (23 of 29 identified under these conditions; Figure S5J ). Altogether, these results show that HU is required to maintain DNA contacts in the megabase range outside of ter and up to $280 kb within ter.
The Roles of Fis and H-NS in Chromosome Organization
Fis, the most abundant DNA-binding protein in E. coli, binds to $1,200 sites and modulates the expression of hundreds of genes (Cho et al., 2008; Kahramanoglou et al., 2011) . Fis is also thought to play an important role in shaping nucleoid structure by bending DNA and promoting the branching of plectonemes (Hardy and Cozzarelli, 2005; Skoko et al., 2006) . In the absence of Fis, cells were longer (5.21 ± 1.8 mm versus 3.05 ± 0.74 mm), with minor chromosome segregation defects, and nucleoids were more spread out compared with WT cells ( Figures  S4B and S4E ). The 3C contact map for fis showed that the overall chromosome conformation remained conserved compared with the WT ( Figure 5A ), including CID boundaries (22 of 31; Figure S6A) . However, the ratio of the contact maps ( Figure S6B ) and the ratio plot of contact signals (Figures 5B and S6C) between fis and WT cells revealed an enrichment of contacts in the 5-to 100-kb range, a strong decrease above 200-400 kb, and a strong decrease above 100 kb in ter. The contact ratio along the genome did not correlate with the density of Fis binding sites ( Figures S6D-S6G ). To further investigate the reduction of contacts, a recombination assay was performed; it confirmed that contacts in the range of 250 kb are reduced outside of ter and that this effect is more pronounced in ter ( Figure 5C ). Although the underlying mechanisms promoted by Fis responsible for this higher-order architecture remain unknown, these results show that this NAP is a global player of chromosome folding by promoting contacts beyond 100 kb without discrimination along the genome. The transcriptional repressor H-NS prevents the transcription of horizontally acquired genes in enterobacteria. Chromatin immunoprecipitation sequencing (ChIP-seq) experiments confirmed that, in vivo, H-NS binds specifically to ATrich sequences and spreads upon binding (Kahramanoglou et al., 2011) . To investigate the role of H-NS in chromosome organization, contact maps were determined in a deletion mutant. The overall conformation of the chromosome (Figure 5D ) and the distribution of CIDs are highly conserved compared with WT cells (26 CID borders of 31; Figure S6H ). The ratio of the contact maps ( Figure S6I ) and the ratio plot of contact signals (Figures 5E and S6J) between hns and WT contact patterns demonstrated variations in DNA contacts in the absence of H-NS, with the removal of H-NS resulting in a significant enrichment in short-range contacts of H-NS binding regions (Figures 5E, 5F, and S6C). To understand this local enrichment, the DNA binding profile of H-NS was correlated with the contact map ratio at short scales and at 5 kb resolution ( Figure S6K ; STAR Methods). A significant correlation was observed (PC, 0.5; p = 7.89eÀ59) between the two parameters ( Figure 5G ), with bins enriched in H-NS binding sites displaying two types of behaviors in the mutant: either an increase in short-range contacts (70% overlap) or no changes (STAR Methods). The same analysis performed with 2-kb binning of the maps led to similar, slightly noisier results with 63% overlap (PC, 0.38; p = 2.6eÀ79; see also Figure S6K ). This result shows that the local binding of H-NS in WT cells prevents a large fraction of its targets from interacting with their neighboring loci. The absence of changes for the other targets may result from other processes maintaining the local folding in the absence of H-NS or preventing H-NS to fold the DNA in the WT. We did not observe the previously reported H-NS-promoted juxtaposition of H-NS-regulated operons (Wang et al., 2011; Figures S6I and S6L) , and no variations in long-range contacts were detected with the recombination assay ( Figure S6M ). Thus, in the absence of H-NS, short-range contacts increase in many cases, suggesting that the local binding of H-NS in WT cells prevents these discrete regions from interacting with neighboring loci.
Cooperation of MukBEF and NAPs for Long-Range
Chromosome Organization in E. coli Collectively, our results reveal complex, intertwined levels of higher-order organization of the E. coli nucleoid, with different players having contrasting roles in chromosome architecture (Figures 6A and 6B) . The three proteins Fis, HU, and MukBEF promote long-distance DNA contacts in the megabase range outside of ter in WT cells and on the whole chromosome in the matP mutant. In fis-deficient cells, long-range contacts above 300-500 kb decreased, whereas, in the absence of HU or MukB, contacts below 280 kb are enriched. In ter, MatP (or MatPDC20) maintains contacts up to $280 kb by restricting the action of MukBEF. In the absence of HU, contacts in ter in the 5-to 50-kb range increased concomitantly with a decrease in the 50-to 280-kb range. Finally, in the absence of Fis, most contacts in ter occur in the $5-to 100-kb range. Our results support a model in which MukBEF and HU cooperate to promote DNA contacts in the megabase range along the chromosome arms, MatP prevents MukBEF activity in ter, Fis favors DNA communications, and H-NS has only local effects on DNA conformation. Therefore, MatP appears to insulate ter from long-distance folding by MukB.
DISCUSSION
Global Organization of the E. coli Chromosome The understanding of chromosome structuring and dynamics remains fragmented for most prokaryotic and eukaryotic species, hampering the study of their functional roles. Using 3C contact maps of the E. coli genome, we disclose the multilayer organization of the chromosome. The E. coli chromosome contact map points to an absence of contacts between arms, as expected from a transversal chromosome disposition. DNA collisions along the genome are not uniform, suggesting the existence of processes that modulate the probabilities of contacts at different scales. At a lower scale ($40-300 kb), CIDs are also present, as in C. crescentus, B. subtilis, and V. cholera. The invariable nature of these structures in multiple growth and mutant conditions suggests local imprinting of a mark resulting in the systematic generation of boundaries within 3C datasets. Some of these boundaries appear to result from topological constraints (Le et al., 2013) . Abrupt changes of long-range contact frequencies confirm the existence of larger domains (0.5 to 1.4 Mb).
Partitioning of the E. coli Chromosome
The present analyses reveal a partitioning of the E. coli genome into two entities, ter and the rest of the chromosome. In agreement with previous work (Nolivos et al., 2016) , our data support a model in which MatP impedes MukBEF activity from ter and reveal that MukBEF is required for long-range DNA contacts and that MatP restricts such interactions in the ter region. This (G) Magnification of a representative chromosomal region (bin size, 5 kb) displaying the z-transformed contact ratio between alternated bins (n and n+2; i.e., 5 kb apart) between Dhns and WT cells (red curve) and H-NS occupancy in WT (blue curve) (Kahramanoglou et al., 2011) . PC and p value are computed for the entire genome.
interplay with the MukBEF complex cements the role of MatP as an important player in chromosome organization; this activity does not require the formation of tetramers or its anchoring at the septum of division. MatP has already been shown to confer specific properties to ter by interacting with ZapB and localizing ter at the midcell ). Here we demonstrate that the MatP-ZapB interaction favors intermolecular contacts between plasmids and the ter region, unveiling how sister ter MDs might be in contact before their segregation. MatP therefore specifies ter by two different activities: first by connecting the chromosome with the divisome through determinants in the C terminus of the protein and second by inhibiting MukBEF activity through other determinants. Whether only the promotion of long-range contact by MukBEF is excluded from the ter or whether other activities associated with the condensin complex are excluded as well remains unknown. A functional link between the role held by Topoisomerase IV (TopoIV) in decatenation and the facilitation of chromosome segregation by MukBEF has been proposed (Zawadzki et al., 2015 . However, 3C analyses did not unveil any discrete in vivo intrachromosomal matS-matS contacts. Furthermore, the chromosome and plasmids carrying matS sites were not brought together in the absence of ZapB but in the presence of MatP. The same plasmids in the presence of ZapB contacted ter, but no discrete matS-matS interactions could be identified. Combined, these results show that MatP does not promote DNA bridges between matS sites, either in cis or in trans, but promotes the formation of a chromosomal domain by exclusion of a condensin complex. They also reveal that MatP-ZapB interactions at the divisome are responsible for the clustering of distinct DNA molecules carrying matS sites. A future challenge is to achieve a full understanding of how such DNA complexes are dynamically organized during the cell cycle.
In the absence of MatP or in the absence of both MukBEF and MatP, ter shows the same range of interactions as the rest of the chromosome. These results reveal that the absence of MukB is the major determinant of the 3C signal in ter compared with the rest of the genome and that MatP itself has little effect on ter DNA contacts. However, this effect in ter is exacerbated in the absence of HU or Fis, indicating a counteraction between MatP and these two NAPs.
NAPs Contribute in Diverse Ways to E. coli Chromosome Conformation Decades of biochemical and genomic studies have been carried out for the three important NAPS HU, Fis, and H-NS. They typically cover 10-30 bp of DNA at their binding sites, and, depending on local binding properties or additional interactions with other protein-bound DNA complexes, they can organize DNA into various conformations. However, the relation between local DNA binding and the in vivo organization of chromosomal DNA over long scales remains to be defined. This study provides important insights into distinct activities of three major NAPs in the control of chromosome conformation, with H-NS affecting short-range contacts, whereas HU and Fis promote long-range contacts in different ways. The H-NS effect is in agreement with its modus operandi of silencing extensive regions of the bacterial chromosome by binding first to nucleating high-affinity sites and then spreading along AT-rich DNA (Lang et al., 2007) . HU is required along with MukBEF to promote a megabase range of communications in the chromosome. Thus, one can speculate that either HU cooperates with MukBEF to promote long-range interactions or that MukBEF activity builds on DNA properties generated by HU. Surprisingly, the inactivation of HU in E. coli has opposite effects as those observed in C. crescentus (Le et al., 2013) . This difference may either result from the presence in C. crescentus of SMC, a class of bacterial condensins different from MukBEF that would not require HU for its activity, or from the presence of another NAP in C. crescentus that would play the role of E. coli HU. The absence of Fis is less dramatic than the absence of HU in E. coli because the decrease of long-range DNA communication varies along the chromosome and may depend on local DNA properties resulting from the absence of Fis interacting with its targets. Finally, in ter, both HU and Fis are required for optimal contacts up to 280 kb, presumably by counteracting an effect of MatP. How MatP may constrain DNA and how HU and Fis prevent this effect differently remains to be investigated.
Higher-Order Organization of the E. coli Chromosome Our results reveal two modes of DNA communication in the E. coli chromosome ( Figures 6B and 6C) .
First, there is a long-range mode, homogeneous throughout most of the chromosome outside of ter, that depends on both MukBEF and HU action. Although the precise interplay between HU and MukBEF is unknown, these results provide significant insights into the organization of bacterial chromosomes. The effect of the MukBEF complex in E. coli appears to be radically different from that of SMC in B. subtilis (Marbouty et al., 2015; Wang et al., 2015) . Instead of aligning the chromosome arms from a centromere-like locus, MukB promotes DNA contacts in the megabase range within each replication arm. How these structurally related proteins promote such different processes remains unknown, but it may involve a similar mechanism. As invoked for B. subtilis arm bridging (Marbouty et al., 2015; Wang et al., 2015) , DNA loop extrusion, a model by which molecular motors actively generate loops (Alipour and Marko, 2012; Dekker and Mirny, 2016) , could also account for the MukBEF-dependent formation of dynamic long-range cis contacts along the E. coli chromosome arms. Interestingly, HU appears as a key cofactor of the DNA management process by MukB. In hupA hupB mutants, outside of ter, the absence of HU mimics the absence of MukBEF, suggesting a direct link between the activities of the two proteins. So far, no such general role for an accessory protein has been uncovered for bacterial condensins.
The second mode of DNA communication is revealed in the absence of MukBEF and corresponds to enriched homogeneous DNA contacts within $280 kb that could result either from a condensation process bringing together distant loci or from dynamic process(es) resulting in frequent and transient collisions between these sites. Several factors can cooperate to generate such contacts. First, DNA supercoiling could influence the likelihood of distant loci to collide with each other by promoting the sliding of branched plectonemic structures (Staczek and Higgins, 1998) . Second, NAPs may play an important role in modulating the ability of a locus to make contacts with flanking sequences. The 3C results reported here indicate that both HU and Fis promote higher-order DNA organization. Further studies will aim to characterize the precise organization of DNA in the regions that contribute to these contacts.
This study reveals a multilayer conformation involving ubiquitous proteins with different properties not known to cooperate for the control of chromosome dynamics. Combined, these results also highlight the singular properties of the ter region in E. coli and reveal how this model bacterium has selected a strategy that confers very specific and distinct structural properties to this chromosomal region by preventing the role of condensin within it.
Contact maps and FASTQ files of the reads have been deposited in the NCBI GEO database (GSE107301). See the Key Resources Table for more information.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Media and growth conditions E. coli cells were grown at 22 C, 30 C and 37 C in either Lennox Broth (LB) or liquid minimal medium A (MM) supplemented with 0.12% casamino acids and 0.4% glucose. The cultures were grown to OD 600 = 0.2 (early exponential) or 2 (stationary phase). When necessary, growth media was supplemented with antibiotics at the following concentrations: ampicillin (Amp) 100 mg/ml, kanamycin (Kan) 50 mg/ml, chloramphenicol (Cm) 15 mg/ml and spectinomycin (Sp) 50mg/ml, apramycine (Apra) 50mg/ml, zeomicine (Zeo) 25 mg/ml.
STAR+METHODS KEY RESOURCES TABLE

METHODS
Light and Fluorescence Microscopy
Samples were imaged using a Leica DM6000 microscope equipped with a coolsnap HQ CCD camera and Metamorph software. Analyses were performed using MATLAB software (Mathworks).
Recombination assay
Recombination inversion tests between att sites located on the E. coli chromosome were performed as described (Valens et al., 2004) . Overnight cultures were diluted 100 fold, and grown until OD600 = 0.3. Induction of the l Int recombinase was performed at 36 C during 20 min for cells grown in LB and for 10 minutes at 38 C for cells grown in MM. A control sample was kept at 30 C. After 120 minutes at 30 C, cultures were plated on LB medium containing ampicillin (50 mg/ml) and X-gal (80 mg/ml). Blue and white colonies were quantified to estimate the recombination efficiency.
RNA-seq libraries RNA-seq data for E. coli (SRR2932231), B. subtilis (SRR922367), M. pneumoniae (ERR973132) and C. crescentus (SRR2818122) were recovered from Vickridge et al. (2017), Hess et al. (2013) , Trussart et al. (2017) and Le and Laub (2016) , respectively.
For E. coli in stationary phase, cells were grown in MM supplemented with 0.12% casamino acids and 0.4% glucose at 30 C during 30 hours (OD = 2). Total RNAs were stabilized in vivo with RNAprotect Bacteria Reagent (QIAGEN) and purified with RNeasy Protect Bacteria Mini Kit (QIAGEN). rRNA were depleted with Ribozero-rRNA removal kit for Bacteria (Epicenter). Libraries were prepared according to Illumina's instructions accompanying the TruSeq SBS Transcriptom kit. Libraries were sequenced on the Genome Analyzer following the manufacturer's protocols. Mapping was performed with Bowtie 2. Reads can be downloaded using the GEO number GSE107301.
Generation of 3C libraries 3C libraries were generated as described (Marbouty et al., 2015) , except for the final concentration of formaldehyde used (7% instead of 3%). High concentration of formaldehyde do not modify significantly the capture results, as verified by experiments performed in 3%, 5% and 7% concentration. Briefly, the protocol proceeds as follow: 100 mL of culture are crosslinked with fresh formaldehyde for 30 minutes at room temperature (RT) followed by 30 minutes at 4 C. Formaldehyde is then quenched with a final concentration of 0.25 M glycine for 20 minutes at 4 C. Fixed cells are collected by centrifugation, frozen on dry ice and stored at À80 C until use. A frozen pellet of z1-2 3 10 9 cells is defrosted on ice, suspended in 600 ml Tris 10 mM EDTA 0.5 mM (TE) (pH 8) with 4 ml of lysozyme (35 U/ml; Tebu Bio), and incubated at RT for 20 minutes. SDS is added to the mix (final concentration 0.5%) and the cells are incubated for 10 minutes at RT. 50ml of lysed cells are then transferred in 8 tubes containing 450mL of digestion mix (1X NEB 1 buffer, 1% Triton X-100, and 100U HpaII enzyme). DNA is digested for 3 hours at 37 C, split in 4 aliquots, and diluted in 8 mL ligation buffer (1X ligation buffer NEB without ATP, 1 mM ATP, 0.1 mg/ml BSA, 125 Units of T4 DNA ligase 5 U/ml). Ligation is then performed at 16 C for 4 hours, followed by incubation overnight (ON) at 65 C in presence of 250 mg/ml proteinase K and 5 mM EDTA. Precipitation of DNA is performed using an equal volume of 3 M Na-Acetate (pH 5.2) and two volumes of iso-propanol. After one hour at À80 C, DNA is pelleted, suspended in 500ml 1X TE buffer, and incubated for 30 minutes at 37 C in presence of RNase A (0.03 mg/ml). DNA is then transferred into 2 mL centrifuge tubes, extracted twice with 500 ml phenol-chloroform pH 8.0, precipitated, washed with 1 mL cold ethanol 70% and diluted in 30 ml 1X TE buffer. All tubes are pooled and the resulting 3C library is quantified on gel using QuantityOne software (BioRad). For each condition at least two biological replicates were generated (Table S2 ). All experiments were performed in experimental duplicates or triplicates.
Processing of libraries for Illumina sequencing 5 mg of a 3C library was suspended in water (final volume 130 mL) and sheared using a Covaris S220 instrument (Duty cycle 5, Intensity 5, cycles/burst 200, time 60 s for 4 cycles). The DNA was purified and processed according to manufacturer instructions (PairedEnd DNA sample Prep Kit -Illumina -PE-930-1001), except that DNA was ligated to custom-made adapters (Table S2) for 4 hours at room temperature. Tubes were then incubated at 65 C for 20 minutes. DNA fragments ranging in size from 400 to 900 pb were purified using a PippinPrep apparatus (SAGE Science). For each library, four test PCR reactions were performed to determine the optimal number of PCR cycles (1 or 2 mL of the collected DNA, Illumina primers PE1.0 and PE2.0 using Taq Phusion [Finnzymes]). A large-scale PCR (8 reactions) was then set-up with the number of PCR cycles determined previously. The PCR product was finally purified on QIAGEN MinElute columns and subject to paired-end sequenced on an Illumina sequencer (HiSeq2000, HiSeq2500 or NextSeq).
Processing of sequencing data PCR duplicates from each 3C library sequence dataset were discarded using the 6 Ns of custom-made adapters. Reads were aligned independently using Bowtie 2 in very sensitive mode. An iterative alignment procedure was applied: the first 20 base pairs of each read are aligned at first, with this length gradually increasing until the mapping became unambiguous (mapping quality > 40).
QUANTIFICATION AND STATISTICAL ANALYSIS
Generation of contact maps Each read was assigned to a restriction fragment. Non-informative events such as self-circularized restriction fragments, or uncut colinear restriction fragments were discarded by taking into account the pair-reads relative directions and the distribution of the different configurations (Cournac et al., 2012) . In our hands, the yield of informative reads being conserved after filtering steps is quite low ($10% of the reads are conserved), and therefore an important sequencing effort is required to reach at a good resolution. The genome was then binned into 1, 2, or 5 kb segments and the corresponding contact maps generated and normalized through the sequential component normalization procedure (SCN; Cournac et al., 2012) . SCN aims at balancing the disparities in the capture of the bins (or restriction fragments) resulting from the intrinsic variability of the 3C experimental protocol (density of restriction sites, presence of repeated sequences, etc.). ''Normalized contacts'' describe the values contained in the normalized matrices, that is to say numbers between 0 and 1 that quantify the frequency of contacts between pairs of bins. Logarithmic or exponent colorscales are only used for the visualization. The visualization of these value is performed by applying an exponent colorscale (0.2) that facilitate the interpretation of the data (these maps are similar to those obtained with a log colorscale, and are only illustrative and never used for computational analysis). It is important to note that the ratio of contact maps and the ratio plots (see below) give a more quantitative description of the chromosomal features.
One and 2 kb bins were used when indicated for the analysis, while 5kb bins were used otherwise as well as for visualization of the contact maps. The choice of the bin size results from a compromise between the signal resolution and sequencing coverage sufficient to support statistical tests. Genetic features of interest along the chromosome were reported along the contact map axis using the EcoCyc database as a reference (release 20.1; https://ecocyc.org).
Comparison of contact signals with other genomic data (z-transformation) Z transformation allows the standardization of data. It is used to make two samples comparable, by computing the deviation of a signal with respect to its mean value. It centers the mean of the distribution of the signal on 0, and transforms each value of the distribution into a standard score (or Z-score). A Z score corresponds to the number of standard deviation by which an observed value differ from the mean value of the entire dataset. zi = (xi -m) / s, where xi is the original value in the sample, m is the mean of the population and s is the standard deviation of the population. Z-score are convenient to compare and visualize different signals of various strengths. Here, we computed the z scores of ChIP-seq, RNA-seq and Hi-C contact signals to compare the various datasets locally with each other.
Comparison with recombination data
To correlate 3C-seq contact frequencies with existing site-specific recombination assays data (Valens et al., 2004) , the chromosome coordinates of each pair of att loci were assigned to the corresponding bin in the normalized contact map (bin = 10 kb). Recombination ratio smaller than 3% were considered as experimentally non-significant (Valens et al., 2004) .
3D representation of the wt contact map
The normalized contact map of wt cells (MM, 30 C, 5kb resolution) was converted into a 3D structure using the Shrec3D approach (Lesne et al., 2014) . Each node in the 3D structure corresponds to a bin from the contact map. Note that the resulting 3D structure is an average representation generated from contacts originating from millions of cells and therefore does not represent the exact structure of the nucleoid found in an individual bacteria. In addition, it must also be underlined that this structure is not a polymer model, but a convenient visualization tool of contact frequencies over a population of cells. In other words, it is the 3D representation of the 2D contact map. To compute the structure, the normalized contact map was first filtered, i.e., outlier elements were identified and discarded based on their deviation from the genomic distance law. The conversion of contacts frequencies into geometrical distances was slightly modified compared to the original publication, and the following conversion was applied:
The exponent was determined from the correlation observed between 3C contacts frequencies and the interfocal distances determined by fluorescence microscopy (Espeli et al., 2008; Javer et al., 2014) (Table S1 ). Contacts between different nodes were plotted as colored links on the 3D structure. Only strongest contacts were plotted (normalized contact enrichment > 0.00085). The color-code used to color the links between nodes represents the intensity of the cumulative 3C signal under 200 kb made by each bin with its flanking regions, from blue (corresponding to low cumulative signal, $30%) to red (corresponding to high cumulative 3C signal, $75%). This allows to visualize the density of contacts made by each bin over 200 kb, notably illustrating the constrained behavior of the bins within the ter.
Correlation between interfocal distances and Shrec3D structure positions We reported the positions of pairs of loci labeled with a red or green fluorescent repressor operator system (FROS) from two different datasets (Espeli et al., 2008; Javer et al., 2014) onto the Shrec3D structure. The euclidean distances (arbitrary unit) between these positions were then computed, and the Pearson correlation between these values and the interfocal distances measured by microscopy was computed.
Scalograms
To study the local dispersion of contacts made by each bin along the chromosome, we implemented scalograms, a genomic visualization tool. Scalograms reflect the constraints exerting on a genomic region, by revealing to which extent they ''see'' their flanking sequences. For each genomic position, the cumulated amount of 3C contacts between its position and an increasing number of flanking bins are computed (corresponding to the cumulated contacts from 5 kb to 1000 kb, by 5 kb step). As contact maps are normalized, the maximum cumulated contact signal is equal to one. We then plot the resulting heatmap using a contour line function (contourf from Matplotlib python library). Within this representation, the resulting signal is divided into 5 classes, each representing 15% of the total contacts and one last step with the final 25% of contacts.
This visualization tool can be viewed as an extension of the genomic distance law which calculates the average intra-chromosome contact probability P(s) for pairs of loci separated by a genomic distance s. This probability decreases monotonically and can be linked to the polymer behavior of chromosomes. The scalogram approach allows to locally observe this behavior. Use of cumulative signal and contour line functions attenuates intrinsic fluctuations and produces more robust visual representations.
The process is summarized in Figure S1E .
Ratio of contact maps and ''ratio-plots''
Comparison of contact maps is facilitated by the computation of their ratio. The ratio is computed for each point of the map by dividing the amount of contacts it presents in one condition by the amount of contacts it makes in the other condition. The Log2 of the ratio is plotted with a Gaussian filter. The color code reflects a decrease or increase of contacts in one condition compared to the other (blue or red signal, respectively). No change is represented by a white signal. In addition to contact map ratio, we also computed ''ratio-plots.'' Ratio-plots recapitulate the variations in contacts between two conditions made by each bin with its neighboring bins, indiscriminately of their left or right positions. For each condition, the average contacts (AC) made by a bin along the genome with bins upstream and downstream at increasing distances (from 5kb to 1000kb, in 5kb increments), was computed ( Figure S1D ). The log 2 (AC mutant /AC wt ) was then displayed as a heatmap. The application of a Gaussian filter allows to average the signals and facilitate the visual interpretation of the graph. This representation does not inform about directional variations of contacts made by the bin of interest with its two flanking regions: however, ratio-plots illustrate conveniently the trend or ability of a loci to interact with its flanking sequences along the entire genome.
Comparison of contact maps with transcription pattern
To investigate the correlation between transcription and chromosome contacts in different species, we first recovered datasets from wt growing cells of B. subtilis generated by our lab (Marbouty et al., 2015) and the Rudner group (Wang et al., 2015) , C. crescentus by the Laub group (Le et al., 2013 ) and M. pneunomiae by the Serrano group (Trussart et al., 2017) . Each dataset was processed using the exact same procedure as E. coli reads. Contact maps for each species were generated and normalized as described above. Bin sizes were chosen accordingly to the restriction enzyme used (E. coli: 2 and 5 kb; B. subtilis: 2 and 10 kb with Marbouty et al. (2015) data, and 10 kb with Wang et al. (2015) data; C. crescentus: 10kb and M. pneumonia, 3kb). The local contact signal, i.e., between adjacent bins, was plotted ( Figures S2C and S2D, blue lines) .
RNA-seq data for E. coli, B. subtilis, M. pneumoniae and C. crescentus were recovered from the Sequence Read Archive (NCBI) (see Key Ressources Table) . The transcription pattern of E. coli during stationary phase was generated from cells grown at 30C in MM for 30 hours. The RNA-seq library was sequenced, and the reads aligned against the reference genome (MG1655, GenBank: U00096.2). Only reads with a mapping quality above 30 were conserved. Raw signal was then binned to match the binning of the corresponding contact maps and plotted along the genome ( Figures S2C and S2D, red lines) . Both contact and transcription signals were smoothed with a Savitzky-Golay filter and the Pearson coefficient was determined.
The genomic distance law (i.e., the average of normalized contacts as a function of genomic distance) for groups of genes pooled according to their transcription activity was computed as follow. First, the distribution of the number of reads (log2) per bin was determined from the transcriptome. The bins were pooled into 3 groups: poorly expressed (10% less expressed bins of the transcriptome distribution), highly expressed (10% most expressed bins of the transcriptome distribution) and moderately expressed (the rest of the distribution of transcriptome). The genomic distance law for each group of bins was then computed using the normalized matrix (poorly interacting bins were filtered during this process).
Processing of ChIP-seq data, and correlation between protein occupancy and local contacts ChIP-seq datasets of H-NS (ERR01957), Fis (ERR015953) and HU (SRR353962) were recovered from Kahramanoglou et al. (2011) and Prieto et al. (2012) , respectively. Sequencing reads were aligned along the E. coli reference genome. Only reads with a mapping quality above 30 were conserved. ChIP-seq patterns were binned similarly to the contact maps (5 kb or 2 kb). Correlations between the occupancy of H-NS, Fis and HU proteins along the chromosome and the variation in contact signal between wt and corresponding mutant cells were then computed. The Pearson correlation was investigated between the bins enriched in binding sites (Z-score > 0) and variations in contacts between pairs of bins separated by increasing number of bins were computed. Only H-NS displayed a significant correlation between protein occupancy and short range contacts as illustrated on Figure S6K . Dividing the ChIP-seq signals by the mock IP signal did not increase the detected correlation and gave similar correlation coefficient. The protein enrichment and the local contact signal were then plotted to assess for the precise overlap between the two curves.
Fis was reported to bind to small regions (Kahramanoglou et al., 2011) , and a similar analysis was performed on a genome binned at 1kb, without positive correlation ( Figure S6E ).
Directional Index analysis
The directional index is a statistical parameter that quantifies the degree of upstream or downstream contact bias for a genomic region (Dixon et al., 2012) . It is based on a t test between vectors to the left and right of each bin up to a certain scale. Boundaries between topological domains typically generate fluctuating signals that result in a transition in the directional preference. More precisely, for each 5 kb bin, we extracted the vector of contacts from the correlation matrix between that bin and bins at regular 5 kb intervals, either up to 100 kb or up to 400 kb in both left and right directions. For each step, the two vectors were with a paired t test to assess whether the strength of interactions remains significantly stronger in one direction relative to the other. A value of 0.05 was used as a threshold to assess a statistical significant difference. The directional preferences for the bin along the chromosome are represented as a bar plot with positive and negative t-values shown as red and green bars, respectively. The bars of the bins with t values below À2 or above 2 (corresponding to a p value = 0.05) were trimmed for clarity of presentation. Between two domains identified in the contact matrixes, the directional preference of bins changed, as illustrated by alternating red and green colors. 100 kb DI pointed at domains consistent with CIDs, while 400 kb DI pointed at larger domains closely related to the macrodomains identified using the Scalogram and in previous work.
Enrichment analysis at CIDs boundaries
The borders of CIDs were investigated for enrichment in genetic features. The Directional Index approach (100 kb) pointed at, for the different conditions we tested, approximately 30 bin positioned at the boundaries of CIDs. Although the contact map is made of 5 kb bins, 15 kb windows (the bin at the boundary plus its upstream and downstream neighbor) were chosen to define the border regions due to uncertainty in calling the exact position of a CID boundary from data with binned restriction sites. Fisher's exact test (R software) was used to test the null hypothesis that there is enrichment or not in number of occurrences of various groups of genes in the borders areas. For enrichment plots, the average number of occurrences for each biological group for different distances extending from each border was computed (À100 kb; + 100 kb by bins of 5kb).
Enrichment of boundaries with different categories of genetic elements groups from Ecocyc datasets (Gene Ontology Consortium, validation Date: 10/07/2016) was investigated, such as genes encoding proteins targeted either by the signal recognition particle SRP or the secB pathway ( Figure S2B ). Highly expressed genes Transcript units and genes from RNA-seq reads were assembled using the Rockhopper program (http://cs.wellesley.edu/$btjaden/ Rockhopper). We classified genes according to their expression level and the first 10% of the list were considered as Highly Expressed Genes (HEGs). The bins carrying the 7 rRNA operons, which are discarded from the experimental procedure, were considered as HEGs and included in the list.
Signal recognition particle genes
The SRP (Signal-Recognition-Particle) associated genes used in this analysis were identified previously (Moffitt et al., 2016) . However, we only considered genes whose expression level was higher than 250 RPKM (42 and 44 genes for SRP and secB associated genes, respectively).
Gene Ontology groups
We applied a similar analysis to Gene Ontology groups from Ecocyc datasets (Gene Ontology Consortium, validation Date: 10/07/ 2016). Only GO categories with at least 10 genes were tested (total: 146 categories). Among these 146 groups, none displayed a p value below 0.01. An example (G0:000287, magnesium ion binding) is displayed in Figure S2B .
We used permutations tests to assess if a given biological element is enriched at domain borders. We performed the permutation test by shuffling all domain borders positions across the genome while conserving both the size and number of domains. For each random set of positions, we counted the ratio of borders where the biological element is present and repeated the procedure 1000 times. Then we counted the number of random realizations where the ratio was higher or equal to the observed value in the experimental data (Trussart et al., 2017) .
Detection of contacts between plasmids and the E. coli chromosome Pair-end 3C reads where one member of the pair aligns against the plasmid sequence while the other member against the E. coli chromosome were pooled into 100 kb bins and normalized by the total 3C coverage (Cournac et al., 2012) . To plot more specifically the contacts between the plasmid and matS sites, the same procedure was performed but with 1 kb bins. The median of the plasmid contact signal with the main genome centered at matS sites (À10 kb and + 10kb) was computed.
Analysis of matS-matS interactions
To investigate whether MatP promotes specific bridging between matS sites, 40 kb chromosomal windows centered on each of the 22 matS sites of normalized 2kb contact maps were isolated for wt and matP. The ratio between matP and wt of each window was computed and the cumulated signal from all windows was plotted. As a control, the windows were shifted by 10 kb clockwise and the same analysis was performed on this set of randomized positions, which conserve their distribution in the ter macrodomain.
DATA AND SOFTWARE AVAILABILITY
The accession number for the contact maps and FASTQ files of the reads reported in this paper is GEO: GSE107301. Codes and functions used to generate the figures from the raw data are available online (https://github.com/koszullab/E_coli_analysis) and described in Methods S1. (B) Ratio of normalized contact maps of the independent wt replicates from panel (A) . For a given position in the map, a decrease or increase in contacts in the mutant compared to the wt is represented with a blue or red signal, respectively. No changes results in a white signal. (C) Principal component analysis (PCA) of experimental replicates. For each experiment, a wt strain grown in similar temperature and medium conditions as the mutant strain was used as a reference control to compute contact maps ratio. The Euclidean distance between each ratio map was computed and then a PCA analysis on this distance matrix was performed. The percentage on the axis indicates the variance explained by the first and second principal component. Each dot represents a single replicate in different growth conditions: MM at 22 C (matP / wt, mukBEF 1/wt and mukBEF 2/wt), MM at 30 C (matP 1/wt 1, matP 2/wt 2, fis 1/ wt 1 and fis 2/wt 2), LB at 30 C (hns 1/ wt 1 and hns 2/wt 2) or LB 37 C (hupAB 2/wt 2 and hupAB 3/ wt 3).
Supplemental Figures
(D) Ratio-plot of contact signals between wt cells in two independent replicates (see STAR Methods for the construction of ratio-plots). (E) Schematic representation of the computation of a Scalogram (bottom panel) from an artificial contact map (top panel). For each bin along the theoretical map, we sum and plot the normalized contacts over a window s of various sizes s1, s2, s3, etc. into a scalogram. Since the contacts are normalized, this sum represents the fraction of total contacts made by a bin within a window size. For instance, regions 1, 2 and 3 make 75% or more of all their contacts within a window s3. On the other hand, for a window size s2, only regions 1 and 2 experience 75% of all contacts, while region 3 presents between 60 and 75%. For a window size of s1, region 1 makes between 60 and 75% of its contacts, region 2 makes between 45 and 60%, and region 3 makes between 30 and 45%. Hence, region 3 is more ''loose,'' able to contacts its neighbors over longer distances, while region 1 is more ''constrained.'' The scalogram therefore facilitates the qualitative visualization of the dispersion of the contact signal along the chromosome. Figure 1D ) for the same loci for different scales (y axis; 5 kb bin steps). The gray arrowheads point at the x-and y axis positions resulting in the maximum correlation signal. In both datasets, the correlation peak occurred between cumulated signal at 200kb and MSDs at 10 s and 180 s for Javer et al. (2014) and Espeli et al. (2008) data, respectively. These values were chosen to draw graphs of Figure 1G and Figure S1I . (I) Scatterplot between microscopy measures from Espeli et al. (2008) of MSDs with t = 180 s and 3C cumulative signal at 200 kb (highest correlation signal in panel (G) . (J) Ratio-plot of wt contact signals obtained in stationary and exponential phases (see Figure 2B ). Marbouty et al., 2015 Bacillus subtilis (PY79) Wang et al., 2015 Caulobacter crescentus Le et al., 2013 3 tr a n s p . IS 3 tr a n s p . IS 5 tr a n s p . These classes correspond to highly-expressed genes (HEGs, top 10% of all transcribed genes), genes encoding secreted proteins with an export signal sequence (SRP genes), and a GO category randomly chosen as negative control. The distribution of bins carrying at least one occurrence of the class of genes of interest is plotted as a function to its distance to a CID boundary. For each class, the p value indicated above each distribution corresponds to the permutation test assessing for the significance of the enrichment at the boundaries (see STAR Methods). (C) Correlation between transcription and short-range chromosome contacts captured by Hi-C or 3C for four different species and using different protocols. The corresponding work is indicated at the top, as well as the distribution of restriction fragments generated by the restriction enzyme used in the study. Underneath are shown representative regions (flanking coordinate 0 of the circular chromosomes) displaying contacts between neighboring bins are plotted (blue curve) along the transcription pattern (red curve) (see STAR Methods). Multiple binning sizes along the genome were generated to allow comparison between species or between datasets of the same species. The Pearson correlation between these two signals and the corresponding p value computed over the entire genome are indicated under each graph. For E. coli (left panel), gray arrowheads point at the eight CID boundaries identified in this region. The pink bar corresponds to DPL12 prophage, whereas the orange line points at a rRNA operon. (D) Same analysis as in (C) , but displayed over the entire genome of E. coli (5kb bins). The pink bar corresponds to DPL12 prophage, whereas the orange lines point at a rRNA operon. (E) Graphs representing the contact frequencies as a function of genomic distances for genes classified according to their expression level (poorly expressed (green), moderately expressed (blue) or highly (red), for the five datasets from panel (C) . Inset: distribution of transcription levels by bin of 5 kb. 
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